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Abstract
Redshifts of an astronomical body measured at multiple epochs (e.g., separated by 10 years)
are different due to the cosmic expansion. This so-called Sandage-Loeb test offers a direct
measurement of the expansion rate of the Universe. However, acceleration in the motion
of Solar System with respect to the cosmic microwave background also changes redshifts
measured at multiple epochs. If not accounted for, it yields a biased cosmological inference.
To address this, we calculate the acceleration of Solar System with respect to the Local Group
of galaxies to quantify the change in the measured redshift due to local motion. Our study is
motivated by the recent determination of the mass of Large Magellanic Cloud (LMC), which
indicates a significant fraction of the Milky Way mass. We find that the acceleration towards
the Galactic Center dominates, which gives a redshift change of 7 cm/s in 10 years, while the
accelerations due to LMC and M31 cannot be ignored depending on lines of sight. We create
all-sky maps of the expected change in redshift and the corresponding uncertainty, which can
be used to correct for this effect.
Key words: cosmology:miscellaneous — galaxies: distances and redshifts — Local Group — quasars:
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1 Introduction
Suppose that we measure a redshift of an astronomical body
today, and measure it again in 10 years. These redshifts are
different due to acceleration or deceleration of the cosmic ex-
pansion. Proposed first by Sandage (1962) and elaborated by
Loeb (1998), this effect provides a direct measurement of the
c© 2014. Astronomical Society of Japan.
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expansion rate via (Quercellini et al. 2012, for a review)
∆z
∆t0
=H0(1+ z)−H(z) , (1)
where∆z is a change in redshift (“redshift drift”),∆t0 is a time
interval (e.g., 10 years), H(z) is the Hubble expansion rate at
a given z, and H0 is its present-day value. For a flat Λ Cold
Dark Matter (CDM) model with the matter density parameter
of ΩM = 0.3 and H0 = 70 km/s/Mpc, ∆z is positive at z <∼ 2
and negative otherwise. It is common to express the magnitude
of ∆z in terms of the velocity shift, ∆v = c∆z/(1 + z), and
we find, for example, ∆v ≈ −2.5 cm/s for z = 3 over ∆t0 =
10 years. Measuring this effect is one of the science targets of
the upcoming large aperture telescopes such as TMT1 and E-
ELT (Cristiani et al. 2007; Corasaniti et al. 2007; Liske et al.
2008).
However, our local motion (i.e., the acceleration of Solar
System with respect to the rest frame of the cosmic microwave
background (CMB)) also contributes to the change in redshift,
which will contaminate measurements of the cosmological red-
shift drift. In this paper we calculate the acceleration of Solar
System with respect to the Local Group (LG) of galaxies, to
report that ∆v from the local motion is comparable to the cos-
mological signal and thus must be corrected. Our study is mo-
tivated in particular by the recent determinations of the mass of
Large Magellanic Cloud (LMC), which indicate a rather large
mass of (0.15−0.3)×1012 M⊙ (Pen˜arrubia et al. 2016; Laporte
et al. 2018; Erkal et al. 2019).
Quercellini et al. (2008) and Amendola et al. (2008) consid-
ered accelerations of other objects (such as globular clusters)
in the Milky Way and member galaxies of galaxy clusters, re-
spectively. We shall not consider them in this paper, but focus
entirely on the acceleration of the Solar System with respect to
the rest frame of the LG galaxies.
Throughout this paper the error bars are quoted at 68% con-
fidence level, and the propagation of the errors is done by as-
suming that the probability distribution is a Gaussian.
2 Accelerations
It is convenient to split the local acceleration with respect to the
CMB, aSun−CMB, as
aSun−CMB = aSun−MW +aMW−LG+ aLG−CMB , (2)
where aSun−MW, aMW−LG, and aLG−CMB are the acceleration
of Solar System with respect to the center of our Galaxy (Milky
Way; MW), that of MW with respect to barycenter of LG, and
that of LG with respect to the rest frame of the CMB. However,
it is difficult to estimate aLG−CMB due to the lack of modelling
of the structures surrounding LG; thus, we ignore this term and
focus on the other two terms in this paper (see, however, the end
1 See https://www.tmt.org
of Section 4 for our remark on this term).
In this paper we shall ignore the higher-order (relativistic)
corrections, which are at most of order 10−3 times aSun−CMB,
as they are suppressed by vSun−CMB/c ≈ 10
−3. Specifically,
we shall include only the acceleration term (ar/c) in Eq. (A18)
of Liske et al. (2008), or equivalently the 4-acceleration term
(wµOpµ) in Eq. (3.35) of Korzyn´ski & Kopin´ski (2018). The
general relativistic corrections (Korzyn´ski & Kopin´ski 2018;
Marcori et al. 2018) are even smaller. See Eq. (4.16) of
Marcori et al. (2018) for the explicit forms of the contribu-
tion of the gravitational potentials to the redshift drift. We can
estimate the impact of time-derivative of the potential to z˙ as
Φ˙≈H0(vSun−CMB/c)
2
≈ 10−6 H0, which is negligible.
2.1 Sun-MW
Let us define our coordinate system such that x is the direction
towards the Galactic Center, y is the direction of the Galactic
rotation, and z is the direction of the Galactic North Pole.
Specifically,
x=D cos lcosb , y =D sin lcosb , z =D sinb , (3)
where l and b are the Galactic longitudes and latitudes, whileD
is the distance to an object.
First, we calculate aSun−MW for a spherically symmetric
mass distribution, and later compare the result with more realis-
tic mass distribution of MW. By definition, the accelerations in
y and z directions vanish. We thus obtain x¨= GM(<D)/D2,
where G is the gravitational constant and M(<D) is the mass
of MW inside the orbit of Solar System. Approximating the or-
bit of Solar System to be circular, we relateM(<D) to the cir-
cular velocity V asM(<D)=DV 2/G; thus, x¨=V 2/D. Using
D = 8.2± 0.1 kpc and V = 238± 15 km/s (Bland-Hawthorn
& Gerhard 2016), we obtain x¨= (2.25± 0.28)× 10−8 cm/s2.
We compare this result with that from more realistic mass
distribution of MW. Following Kallivayalil et al. (2013) and
Go´mez et al. (2015), we model the gravitational potential of
MW as the sum of a Miyamoto-Nagai disk (Miyamoto & Nagai
1975), a Hernquist bulge (Hernquist 1990), and a Navarro-
Frenk-White dark matter halo (Navarro et al. 1996) including
the effect of adiabatic contraction (Gnedin et al. 2004). See
Go´mez et al. (2015) for the parameters of the model. The cos-
mological parameters are Ωm = 0.3 and H0 = 70 km/s/Mpc.
Taking a derivative of the potential, we find that this model
yields the Solar System circular velocity of 239 km/s and
the acceleration of x¨ = 2.27 × 10−8 cm/s2, which are in
excellent agreement with those of the spherically symmetric
model. Therefore, for simplicity we adopt x¨= (2.25± 0.28)×
10−8 cm/s2 as our baseline result.
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Table 1. Coordinates of galaxies
M31 LMC
l (deg) 121.174322 280.4652
b (deg) −21.573311 −32.8884
D (kpc) 783± 25 51± 2
x (kpc) −376.9± 12.0 7.8± 0.3
y (kpc) 623.0± 19.9 −42.1± 1.7
z (kpc) −287.9± 9.2 −27.7± 1.1
Table 2. Mass of galaxies. The error bars have been sym-
metrized.
Mass (1012 M⊙)
MW 1.04± 0.245
M31 1.33± 0.36
LMC 0.25± 0.085
2.2 MW-LG
Next, we calculate aMW−LG. As the mass of LG is domi-
nated by MW, M31 and LMC, we approximate the MW-LG
dynamics as a three-body problem. Including M33 and SMC,
whose masses are one order of magnitude smaller than those of
M31 and LMC, respectively, does not change our results signif-
icantly. The acceleration of each galaxy is thus given by
r¨i =−G
∑
i6=j
Mj
(ri− rj)
D3ij
, (4)
where ri = (xi,yi, zi) and Dij =
√
(rj − ri) · (rj − ri). Here,
i = MW, M31, LMC and Mi is the total mass of each galaxy.
We use (l, b) from SIMBAD2, D given in Pen˜arrubia et al.
(2016), and Eq. (3) to calculate the coordinates of galaxies
(x,y,z). See Table 1 for the values.
The masses are MMW = (1.04
+0.26
−0.23)× 10
12M⊙, MM31 =
(1.33+0.39−0.33)× 10
12M⊙, and MLMC = (0.25
+0.09
−0.08)× 10
12M⊙
(Pen˜arrubia et al. 2016). The LMC mass can be slightly higher
(Laporte et al. 2018) or lower (Erkal et al. 2019) than this value.
As we find that the contribution of aSun−MW dominates, the
uncertainty in the LMC mass has a minor impact on our result.
For convenience of the error propagation, we symmetrize the
error bars and use the values given in Table 2. The estimated
accelerations are summarized in Table 3.
3 All-sky maps of the velocity shift
The cosmological redshift drift is of order a few cm/s in 10
years. To compare this, we convert the acceleration to the
velocity shift using ∆v = a∆t0 with ∆t0 = 10 years. We
find (∆vx,∆vy ,∆vz) = (7.08± 0.90,−0.36± 0.13,−0.24±
0.08) cm/s. Therefore, the change in the redshift due to local
2 http://simbad.u-strasbg.fr/simbad/
Fig. 1. All-sky maps of ∆v(l, b) (top panel) and their uncertainty (bottom
panel) in units of (∆t0/10 years) cm/s in the Galactic projection. The filled
circles show the locations of 71 bright quasars at z = 2− 4 with B < 16.5
taken from Flesch (2015), while the bigger circles show those with
B < 15.5.
motion is comparable to the cosmological signal.
Using 30 years of the VLBI data, Xu et al. (2012b) in-
ferred the acceleration of the Solar System with respect to
the rest frame of extra-galactic objects (also see Xu et al.
(2012a) for their earlier estimate). They find ax = (7.47 ±
0.46) mm/s/yr.3 The component in the y direction is not de-
tected, ay = (0.17± 0.57) mm/s/yr. These results agree with
those in the other studies to within uncertainties (Titov et al.
2011; Truebenbach & Darling 2017). On the other hand, sur-
prisingly, Xu et al. (2012b) find a significant component in the
z direction, az = (3.95± 0.47) mm/s/yr, which is not found
by the other studies (Titov et al. 2011; Truebenbach & Darling
2017). Our model yields ax and ay which are in agreement with
all studies to within uncertainties (Titov et al. 2011; Xu et al.
2012b; Truebenbach & Darling 2017). While our az agrees
with Titov et al. (2011) and Truebenbach & Darling (2017), it
disagrees strongly with Xu et al. (2012b).
To create an all-sky map of ∆v in the Galactic coordinates,
we use ∆v(l, b) = ∆vx cos l cosb+∆vy sin l cos b+∆vz sin b.
3 To compare with our estimate in units of cm/s over 10 years, we need
to divide and multiply their value by 10, which leaves the numerical value
unchanged.
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Table 3. Accelerations
aSun−MW aMW−LG aSun−LG
ax (cm/s
2) (2.25± 0.28)× 10−8 (−2.72± 1.25)× 10−11 (2.24± 0.28)× 10−8
ay (cm/s
2) 0 (−1.13± 0.40)× 10−9 (−1.13± 0.40)× 10−9
az (cm/s
2) 0 (−7.68± 2.65)× 10−10 (−7.68± 2.65)× 10−10
In the top and bottom panels of Figure 1, we show the maps of
∆v(l, b) and the uncertainty, respectively, in units of cm/s. We
also show locations of 71 bright quasars at z = 2− 4 with the
B-band magnitude of B < 16.5 following Balbi & Quercellini
(2007), taken from the MILLIQUAS quasar catalogue (Flesch
2015, updated to version 5.74). We find that ∆v(l, b) is dom-
inated by the acceleration towards the Galactic Center. The
maximum value is 7.1 cm/s. The direction of the maximum,
(l, b) = (−3◦,−2◦), is slightly off the Galactic Center, which
indicates importance of the contribution from LG.
To check accuracy of the results from the spherically sym-
metric model of MW, we compare ∆vSun−MW from the spher-
ically symmetric model and more realistic model in Figure 2.
We find that the difference between these two models is below
the uncertainty. Note that there is a plane in the uncertainty map
where the uncertainty is close to zero. This occurs because this
is the direction perpendicular to the Galactic Center, in which
the acceleration (hence ∆v(l, b)) vanishes by definition.
To show importance of the contribution from M31 and
LMC, we separately show ∆v(l, b) from aSun−MW (left) and
aMW−LG (right) in Figure 3. We find that the latter is dom-
inated by the acceleration towards LMC, and the maximum
value, 0.43 cm/s, is greater than the uncertainty in ∆v(l, b) in
that direction (l, b) ≃ (280◦,−30◦). Therefore, we cannot ig-
nore the contributions from aMW−LG.
The contribution of LMC is a factor of a few smaller than
typical precision of redshift drift measurement in the upcom-
ing projects such as TMT and E-ELT, which is given by σv =
1.35 cm/s (S/N/2370)−1(NQSO/30)
−1/2[(1 + zQSO)/5]
−1.7
(Liske et al. 2008). Here, S/N is the signal-to-noise ratio of
spectra per 0.0125 A˚ pixel, and NQSO and zQSO are the num-
ber and redshift of quasars, respectively.
4 Conclusion
In this paper we have calculated the change in redshift due to the
motion of Solar System with respect to LG. We find that the ac-
celeration towards the Galactic Center dominates, which yields
a velocity shift of 7.1 cm/s in 10 years. This is comparable to
the cosmological effect; thus, we must correct for the velocity
shift due to the local motion before inferring the expansion rate
of the Universe from redshift drift measurements.
We also find that the contributions from LMC andM31 (with
4 http://quasars.org/milliquas.htm
the maximum velocity shift of 0.43 cm/s towards the LMC di-
rection) are greater than the uncertainty in our estimate. They
will become more important as we improve upon accuracy of
the distance to the Galactic Center and the Galactic rotation ve-
locity.
While the cosmological redshift drift signal depends on red-
shifts of objects, the change due to the local motion does not.
In addition, the cosmological redshift drift signal is isotropic
over the sky, whereas the local motion yields a dipolar pattern.
We can also use these properties to subtract the effect of the lo-
cal motion. When doing so, we must take into account the fact
that quasars at different redshifts appear at different locations
in the sky, which receive different contributions from the local
motion. If we ignore this, the local motion would yield a spu-
rious redshift-dependent effect, which could be confused as the
cosmological redshift drift.
We have ignored the last term in the left hand side of Eq. (2),
aLG−CMB. If the future measurements of the redshift drift re-
veal the pattern that is very different from Figure 1, it may indi-
cate that aLG−CMB is large. Indeed this might have been seen
already from 30 years of the VLBI data indicating a significant
vertical acceleration component az (Xu et al. 2012b), though
other studies (Titov et al. 2011; Truebenbach & Darling 2017)
do not find such a large az .
This situation is reminiscent of the dipole anisotropy of the
CMB: the direction of dipole was found to be nearly opposite of
the direction of the Galactic rotation, which led to unexpected
discovery that LG is moving with respect to the rest frame of
CMB at a velocity faster than 600 km/s (see Section 4.7.2 of
Peebles et al. 2009 for recollection by David Wilkinson). Who
knows, a similar surprise might await us.
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∆vSun−MW (Spherical MW)
∆vSun−MW (Difference between models)
∆vSun−MW (Realistic MW)
Uncertainty
Fig. 2. All-sky maps of ∆v(l, b) from aSun−MW in the spherical model of MW (top left) and more realistic model (top right). The bottom left panel shows the
difference between these models. The bottom right panel shows the uncertainty of ∆vSun−MW(l, b) calculated from the spherical model.
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∆vSun−MW ∆vMW−LG
Fig. 3. Same as Figure 1, but ∆v(l, b) from aSun−MW (left) and aMW−LG (right).
